Background {#Sec1}
==========

Congenital limb defects afflict 3--6 in 10,000 live births \[[@CR1], [@CR2]\]. While not life-threatening, these defects exact a large economic and societal burden on affected individuals and health care systems \[[@CR3], [@CR4]\]. Over 50% of these abnormalities have an unknown etiology and are classified as multifactorial, caused by a combination of genetic susceptibility and one or more environmental exposures \[[@CR5]\]. Humans are exposed to thousands of chemicals with unknown and untested biological consequences, leaving open the possibility that environmental factors could play a very significant role in the development of skeletal defects \[[@CR6]--[@CR8]\]. To assess the environmental component of limb defect etiology, thousands of chemicals will need to be tested. According to current international guidelines, developmental toxicity testing involves exposure of pregnant animals, predominantly rats and rabbits, and subsequent assessment of toxic effects in dams and their fetuses \[[@CR9]\]. These studies are costly and poorly predictive of human embryotoxicity due to the physiological differences between animal models and humans \[[@CR10]--[@CR12]\]. Thus, there is a high demand for less costly alternative in vitro cell culture models that allow for direct mechanistic analysis of target cell populations \[[@CR10], [@CR13]\]. In vitro techniques for the study of embryonic limb skeletogenesis have been available for some time. One historically informative model is the high-density micromass culture of embryonic limb bud mesenchyme \[[@CR14]--[@CR16]\]. The micromass culture is a convenient model for the observation and analysis of processes involved in the differentiation of limb cartilage anlagen in situ. Unstimulated, the embryonic limb mesenchymal cells undergo an early proliferative and condensation phase that gives rise to cartilaginous aggregates or nodules, mimicking the phenomenon that occurs during embryonic limb development in vivo \[[@CR14], [@CR17]--[@CR20]\]. Further stimulation with triiodothyronine induces hypertrophy in these cultures that calcify under appropriate culture conditions \[[@CR21], [@CR22]\]. These cultures have even been used to analyze early events in joint formation, i.e., interzone formation and downregulation of chondrogenesis \[[@CR21], [@CR22]\]. The flexibility and spontaneity of the culture reflects the endogenous, specified state or fate of this cell population. In fact, the rat embryonic limb bud mesenchyme micromass culture is one of a few validated in vitro models for developmental toxicity/embryotoxicity testing \[[@CR16]\], recording an 84% success rate in anticipating teratological effects of tested environmental chemicals \[[@CR16], [@CR23], [@CR24]\]. However, overall, the congruence between animal models and clinical outcomes stands at approximately 50% \[[@CR25]\]. Thus, regulatory agencies around the globe are funding the development of human cell-based in vitro tissue models for developmental toxicity testing, made possible by advancements and convergence of tissue engineering, stem cell technologies, microfluidic-enabled culture platforms, and high throughput/high content analysis.

Mesenchymal progenitor cells (MPCs) are relatively quiescent undifferentiated cells residing within every tissue of the human body that, when activated by injury, orchestrate and participate in the healing and regenerative response \[[@CR26]--[@CR28]\]. MPCs are easily isolated through selective adhesion and/or gradient centrifugation in relatively high numbers, e.g., 1:10,000 nucleated cells in bone marrow and up to 2 to 5% in the stromal vascular fraction of adipose, and may be expanded through 10--12 cell divisions (usually to passage 5 during in vitro culture) before losing potency \[[@CR29], [@CR30]\]. Thus, depending on tissue source and volume of isolate, 10^6^ to 10^7^ of cells with progenitor cell characteristics, i.e., rapid plastic adherence, tri-lineage differentiation, and specific surface antigen expression patterns (positive for CD73, CD90, and CD105 while negative for CD31, CD34, and CD 45, among others \[[@CR31]\]), may be isolated for tissue engineering and regenerative processes or in vitro individualized therapeutic or toxicity testing. In orthopedic research and tissue engineering, these cells are used to generate skeletal tissues including bone, cartilage, tendon, and ligament, depending on the scaffolds and growth factors used in the process \[[@CR28]\]. There are currently more than 80 clinical trials for the use of progenitor cells in musculoskeletal tissue regeneration and tissue engineering, 45 of which are in phase II/III ([www.clinicaltrials.gov](http://www.clinicaltrials.gov), see also \[[@CR32], [@CR33]\]). MPCs are able to undergo chondrogenic differentiation reminiscent of hyaline cartilage formation in adults and have been shown to recapitulate the processes and associated molecular regulations of the embryonic endochondral ossification, spatially and temporally. In particular, these morphogenic processes include cellular condensation and chondrocyte hypertrophy, Indian Hedgehog signaling, metalloproteinase-mediated remodeling, vascularization, and bone formation \[[@CR34], [@CR35]\]. By leveraging the ability of adult MPCs to comply with developmental engineering, we report on modifications of the conventional micromass system for use with adult human bone marrow-derived mesenchymal progenitor cells (hBM-MPCs), applicable in the future for high content, moderate throughput analytic techniques for assessing natural and man-made environmental chemical embryotoxicity.

Methods {#Sec2}
=======

Materials and reagents {#Sec3}
----------------------

All reagents were purchased from Sigma-Aldrich unless otherwise stated. Methacrylated gelatin (gelMA) was obtained through the reaction between gelatin and methacrylic anhydride (MA) as previously described \[[@CR36]\]. The photoinitiator lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) was synthesized as previously described by Fairbanks et al. \[[@CR37]\].

Culture media {#Sec4}
-------------

hBM-MPC growth medium (GM): Dulbecco's modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 2% penicillin/streptomycin/fungizone; hBM-MPC chondrogenic medium (CM): GM without FBS, supplemented with 10 ng/mL TGF-β3, 1% insulin-transferrin-selenium, 50 μM L-ascorbic acid-2 phosphate, 10 nM dexamethasone, and 23 μM proline.

Cell culture {#Sec5}
------------

hBM-MPCs were obtained, with IRB approval of the University of Pittsburgh, from femoral heads of patients who underwent total joint arthroplasty, according to a previously described procedure \[[@CR38]\]. hBM-MPCs were cultured as monolayer in GM at 37 °C and 5% CO~2~. GM was changed every 2--3 days until \~ 80--90% confluency. Aliquots of cells were collected before initial plating (p0) for CFU analysis (Additional file [1](#MOESM1){ref-type="media"}: Table S1) and at p2 for CFU (Additional file [1](#MOESM1){ref-type="media"}: Figure S1), tri-lineage differentiation (Additional file [1](#MOESM1){ref-type="media"}: Figure S2; Supplementary Methods), and surface antigen profile (Additional file [1](#MOESM1){ref-type="media"}: Figure S3) as previously described \[[@CR39]\], with properties summarized in Additional file [1](#MOESM1){ref-type="media"}: Table S1. All experiments were performed in triplicates, using cells pooled from 8 different donors (mean age = 54.5 yo, age range = 38--76 years old).

Development of modified micromass culture {#Sec6}
-----------------------------------------

hBM-MPCs were expanded in GM to passage 3, pelleted, and adjusted to a density of 20 × 10^6^ cells/ml. Each high-density micromass was formed by pipetting a 2-μl drop of cell suspension into the center of each well of a 48-well culture plate which was previously texturized and coated with collagen type I (see the "[Results](#Sec14){ref-type="sec"}" section for details) to optimize cell attachment. Cells were allowed to sediment and adhere to the plate for 30 min, then covered with CM overnight. Subsequently, a 5% gelMA/0.15% LAP (w/v) PBS solution was pipetted on top of the micromass and photocrosslinked for 2 min using a blue light (450--490 nm wavelength) as described previously \[[@CR40]\]. The cultures were then cultured in CM for 14 days with medium changed every 2 days. The micromass cultures were collected at days 7, 10, and 14 for subsequent analyses.

MTS and glucose assays {#Sec7}
----------------------

hBM-MPC viability was analyzed using the CellTiter 96® AQueous One Solution Cell Proliferation Assay (MTS) (Promega) according to the manufacturer's instructions. Briefly, cells were incubated for 1 h at 37 °C with the MTS tetrazolium salt compound, and A~490~ was measured using a BioTek Synergy HT plate reader system (BioTek). hBM-MPC metabolic activity was assessed using the Glucose Assay kit (Colorimetric/Fluorometric) (ab65333, Abcam) according to the manufacturer's instructions.

Lentiviral transduction of hBM-MPCs {#Sec8}
-----------------------------------

hBM-MPCs were transduced with a human collagen type II (*COL2A1*) promoter-driven eGFP reporter using the Lentifect™ Lentivirus system (GeneCopoeia). Cells were first suspended in GM and plated in a 96-well culture plate at a density of 5000 cells per well. After 18--20 h, GM was replaced with the lentiviral suspension (in GM without penicillin/streptomycin/fungizone) at a multiplicity of infection (MOI) of 50 (MOI = number of TU/number of cells per well) in the presence of SureEntry (a transduction enhancing reagent from Qiagen) added at 6 μg/ml. After 24 h of incubation, the lentiviral suspension was replaced with fresh GM. Transduced hBM-MPCs were harvested after 3 days and combined 1:100 with non-transduced cells, which were plated together at a density of 20 × 10^6^ cells/ml and cultured as described above.

Fluorescence intensity quantification {#Sec9}
-------------------------------------

ImageJ software (NIH) was used to calculate the corrected total cell fluorescence (CTCF) in images (× 10 magnification) obtained by epifluorescence microscopy. The area inside cells and background were highlighted, and "area", "mean grey value," and "integrated density" were recorded. CTCF was calculated as \[integrated density − (area of selected cell × mean fluorescence of background readings)\].

Histology and immunohistochemistry {#Sec10}
----------------------------------

Samples were fixed in 4% paraformaldehyde in PBS, paraffin-embedded following standard procedures, and sectioned at 6-μm thickness. For histology, sections were rehydrated and stained with Alcian blue to detect sulfated glycosaminoglycans and hematoxylin/eosin (H&E) to study cell morphology. For immunohistochemistry (IHC), sections were processed for enzymatic antigen retrieval involving incubation in chondroitinase/hyaluronidase in 0.02% bovine serum albumin (BSA) solution in phosphate-buffered saline (PBS) for 30 min at 37 °C. Subsequently, samples were pre-incubated for 10 min with 3% H~2~O~2~ in methanol solution to quench endogenous peroxidase activity. Nonspecific binding was then suppressed with 1% horse serum (Vector Labs) in PBS for 45 min. Following antigen retrieval and blocking, sections were incubated overnight at 4 °C with primary antibodies against human collagen type II (Abcam, ab34712) or against aggrecan (Abcam, ab3778) at a dilution of 1:400 and 1:100, respectively, followed by 30-min incubation with biotinylated secondary antibody (Vector Labs). Immunostaining was detected using horseradish peroxidase (HRP)-conjugated streptavidin and Vector® NovaRED™ peroxidase substrate, with hematoxylin (Vector Labs) as counterstain. After staining, both histology and IHC slides were dehydrated, mounted, coverslipped, and imaged with a Nikon Eclipse E800 microscope (Nikon Instrument).

Scanning electron microscopy {#Sec11}
----------------------------

Micromasses were fixed in 3% glutaraldehyde in PBS for 1 h. Samples were then washed three times in PBS, post-fixed for 1 h in aqueous 1% osmium tetroxide, and then washed three times in PBS. Samples were dehydrated through a graded ethanol series (30--100%) and further dehydrated by three additional 15-min washes with absolute ethanol. Next, the samples were washed in hexamethyldisilizane (HMDS) for 30 min and then removed to air dry. Samples were then mounted onto aluminum stubs and sputter coated with 5 nm gold/palladium (Cressington Sputter Coater Auto 108, Cressington, Watford, UK). Images were acquired using a JEOL JSM-6335F scanning electron microscope (SEM) (Peabody, MA) at 3 kV.

Gene expression analysis {#Sec12}
------------------------

Total RNA was extracted using Trizol (Invitrogen) and purified with the RNeasy Plus mini kit (Qiagen). cDNA was reverse transcribed using the SuperScript IV kit (Invitrogen). Quantitative real-time PCR was performed using a StepOnePlus thermocycler (Applied Biosystems) and SYBR Green Reaction Mix (Applied Biosystems). Expression of aggrecan (*ACAN*) and collagen type II (*COL2A1*) was quantified to analyze chondrogenic differentiation. 18S rRNA levels were used as endogenous control, and gene expression fold changes were calculated by the comparative cycle threshold (CT) method, using expression levels of undifferentiated cells as reference for the 2^−ΔΔCT^ calculation (Table [1](#Tab1){ref-type="table"}). Table 1Primer sequences for qRT-PCR analysis of gene expressionForward 5′-3′Reverse 5′-3′*18S rRNA*GTA ACC CGT TGA ACC CCA TTCCA TCC AAT CGG TAG TAG CG*ACAN*AGT CAC ACC TGA GCA GCA TCAGT TCT CAA ATT GCA TGG GGT GTC*COL2A1*GGA TGG CTG CAC GAA ACA TAC CGGCAA GAA GCA GAC CGG CCC TAT G

Statistical analysis {#Sec13}
--------------------

Each sample was assayed in triplicate, and the quantitative data were reported as mean ± SD. Statistical analyses were performed using GraphPad Prism 7 (GraphPad Software Inc.). Student's *t* test and one-way ANOVA/post hoc Tukey test were used to compare two or more independent groups, respectively. Statistical tests were two-tailed, and significance was set at *p* ≤ 0.05.

Results {#Sec14}
=======

Development of a morphologically consistent hBM-MPC-based chondrogenic micromass culture {#Sec15}
----------------------------------------------------------------------------------------

Chondrogenic differentiation of adult hBM-MPCs has been commonly assayed in high-density, non-adherent pellet cultures that exhibit robust chondrogenesis, but are not amenable for routine, non-invasive quantitative analysis, in particular histological and microscopic examination. In comparison, planar cultures, such as the high-density, substrate-adherent micromass system first developed and used for embryonic limb bud mesenchymal cells, allow for observation and analysis of temporal and spatial cell activity throughout the culture period. Micromass cultures are generally characterized on the basis of the high plating cell density, typically 20 × 10^6^ cells/ml, which is reminiscent of the cell density found in the embryonic limb bud at the pre-condensation step in vivo (chicken: Hamilton Hamburger stage 20--24; and mouse: embryonic day 11.5--12.5) \[[@CR41]\]. In adapting the micromass culture system for the use of adult human MPCs, several modifications were necessary. As hBM-MPCs generally show diminished chondrogenic differentiation potency after passage 3 \[[@CR42]\], we calculated that micromass culture sizes of 40,000 cells or less would allow up to 500 cultures to be conveniently set up with passage 3 cells, under routine hBM-MPC harvesting and culture conditions. By keeping the cell density at 20 × 10^6^ cells/ml, a first consideration was thus reduction in culture size, i.e., from 10 μL with 200,000 cells down to 2 μL with 40,000 cells. Unfortunately, it was found that 10 μL micromass cultures (of 200,000 cells) maintained in CM with 10 ng/ml TGFβ3 adhered and differentiated on standard, tissue culture-treated polystyrene surfaces over a 21-day period (data not shown), while 2-μL cultures (of 40,000 cells) consistently detached from the culture surface within days after culture to form an irregular pellet culture (Additional file [1](#MOESM1){ref-type="media"}: Figure S4). This behavior could be related to the higher mechanical strength of the larger micromass, with larger contact interface, that could increase its stability and attachment to the plate.

Substrate coating with extracellular matrix (ECM) is frequently used to promote cell-substrate adhesion, with collagen type I known to promote MPC adhesion \[[@CR43]\]. To improve the attachment of hBM-MPCs seeded as a 2-μL micromass, 48-well plates were first coated with collagen type I by adding 200 μL of 1 mg/ml collagen type I solution (PureCol EZ-Gel) to individual wells for 2 h at room temperature, followed by rinsing once with PBS and air-drying. However, despite initial improved adhesion, the majority of the 2-μL cultures still detached from the substrate surface over the 14-day duration of the experiment (Additional file [1](#MOESM1){ref-type="media"}: Figure S4). We next investigated texturizing the surface to enhance adhesion. This was achieved by abrasion of the bottom interior surface of the wells of the polystyrene 48-well cultures using 800-grit sandpaper applied in 45° increments. Cells were then applied to the texturized surfaces with or without additional collagen type I coating (as described above). The results showed that texturization combined with collagen coating resulted in micromass cultures that remained attached throughout the 14-day period of differentiation, but the cultures often assumed irregular morphologies not optimal for reproducible, quantitative analysis (Fig. [1](#Fig1){ref-type="fig"}b). Fig. 1Schematic of chondrogenic organotypic culture model. **a** Preparation of gelMA overlay, high-density hBM-MPC micromass cultures: A 2-μL droplet of 20 × 106 cells/ml hBM-MPC s was placed on the texturized and collagen-coated surface cultures. After 30 min of cell attachment, a 100-μL aliquot of photocrosslinked gelMA (5%) was placed on top of the culture, which kept the engineered tissue flat during the 14-day experiment. In some experiments, 1/100 of the cells in the micromass culture consisted of hBM-MPCs transduced with a lentiviral *COL2A1* promoter-driven GFP reporter, applicable for non-invasive assessment of chondrogenesis. **b**, **c** Alcian blue staining of day 14 hBM-MPC micromass cultures (**b**) with and (**c**) without gelMA overlay, showing differences in culture morphology and GAG production

We speculated that this was due to lack of control over the 3-dimensional spreading of the seeded cell suspension and that this could be limited or corrected with a hydrogel overlay. Such a construct would have a stable, uniform shape, without curling of the edges, while the hydrogel could also permit nutrient diffusion to and metabolite release from the cells. To test this idea, we chose to use a methacrylated gelatin hydrogel (gelMA) that has tunable mechanical properties and is permissive to chondrogenesis \[[@CR36], [@CR40], [@CR44]\]. Cultures were prepared as outlined in Fig. [1](#Fig1){ref-type="fig"}a, seeded upon texturized, collagen type I coated surfaces of 48-well plates and maintained in CM containing TGFβ3. The overlay of 5% gelMA resulted in the maintenance of a hBM-MPC micromass with uniform shaped morphology through the duration of the 14-day experiment (Fig. [1](#Fig1){ref-type="fig"}c).

Preliminary analysis of hBM-MPC chondrogenic differentiation in these 2-μL micromass cultures revealed enhanced differentiation with the gelMA overlay, suggesting the positive influence of a regular-shaped culture and perhaps additional microenvironmental cues from the ECM (Additional file [1](#MOESM1){ref-type="media"}: Figure S5). Taken together, these modifications to the standard micromass culture technique yielded improved, reproducible cultures that presented a larger surface for nutrient, cytokine, and metabolite movement, and lower and uniform cell density for easy microscopic observation as well as biochemical analysis of chondrogenesis (Fig. [1](#Fig1){ref-type="fig"}c).

Chondrogenic differentiation in hBM-MPC-based gelMA overlay micromass cultures {#Sec16}
------------------------------------------------------------------------------

The gelMA overlay micromass cultures were maintained in CM containing TGFβ3, and chondrogenesis was monitored throughout the 14-day period.

### Morphology {#Sec17}

Oblique bright-field imaging on an SZX16 stereomicroscope revealed a culture characterized by a dense core surrounded by a monolayer of cells. In addition, as chondrogenesis proceeded, the cells in the core showed a spherical morphology indicative of high matrix production characteristic of chondrocytes, while those located at the edge of the culture were elongated and mesenchymal in shape. Analysis of cell viability in these cultures (Live/Dead™, Life Sciences) revealed that almost all cells in the micromass were alive (green), not dead (red) (Fig. [2](#Fig2){ref-type="fig"}a). Fig. 2Cytoviability and metabolic characteristics of the gelMA overlay hBM-MPC micromass cultures during TGFβ3-induced chondrogenesis. **a** Oblique bright-field and epifluorescence imaging of micromass cultures on days 7, 10, and 14. Under oblique bright-field microscopy, the matrix rich core of the culture appeared as a yellow field. Under epifluorescence microscopy, Live/Dead™ staining of the same cultures revealed that most of the cells were alive (Calcein: green), with very few dead cells present (Et-HD: red). Scale bar = 1 mm. **b** MTS assay. No significant changes in cell proliferation were seen over the 14-day culture period. **c** Medium glucose concentration analysis. The results showed that glucose consumption by the micromass cultures increased over culture time

### Biochemical analysis {#Sec18}

Data from MTS analysis (Fig. [2](#Fig2){ref-type="fig"}b) supported high cell viability, with no decrease of cell number throughout the culture period, while medium glucose assay (Fig. [2](#Fig2){ref-type="fig"}c) showed a progressive increase of glucose consumption by cells. These cell behaviors correlated with the chondrogenic nature of the culture, namely that hBM-MPC proliferation was halted while differentiating towards the chondrogenic phenotype, while active ECM biosynthesis resulted in elevated metabolic activity \[[@CR45], [@CR46]\].

### Histology {#Sec19}

The ability of hBM-MPCs to produce a GAG-rich matrix, typical of cartilage, was clearly evident on the basis of dense Alcian blue staining (Fig. [3](#Fig3){ref-type="fig"}a) at 7, 10, and 14 days of culture. Photomicrographs of whole-mount and transverse-sectioned micromass cultures stained with Alcian blue revealed a progressive increase in GAG deposition from day 7 to day 14. H&E staining (Fig. [3](#Fig3){ref-type="fig"}b) showed the formation of lacuna-like structures typical of hyaline cartilage, with a basophilic matrix surrounding the cells. These histological characteristics suggest the formation of a morphologically relevant, engineered cartilaginous tissue derived from human cells. Fig. 3Histological analysis of the hBM-MPC micromass cultures during chondrogenesis. **a** Whole-mount cultures stained with Alcian blue showing cartilage-specific GAG-rich matrix deposition on days 7, 10, and 14 of culture. Scale bar = 1 mm. **b**, **c** Transverse sections of the same cultures stained with **b** Alcian blue, showing abundant, GAG-rich extracellular matrix encasing lacunae, and **c** hematoxylin-eosin, showing uniform cell distribution embedded within abundant extracellular matrix. Scale bar = 50 μm. Inset images depict a low magnification (× 10) image of each culture for reference. Scale bar = 200 μm

### Scanning electron microscopy {#Sec20}

The ultrastructure of micromasses was further investigated by SEM, revealing the formation of a laminar matrix in which lacuna-like structures harboring the hBM-MPCs were clearly visible (Fig. [4](#Fig4){ref-type="fig"}). We also observed accumulation of ECM from day 7 to day 14 reflected in the increasing height of the cultures and, most importantly, the presence of collagen fibers that increased in complexity (fibril number) and organization (i.e., alignment) over the course of the culture period (Fig. [4](#Fig4){ref-type="fig"}). Fig. 4SEM analysis of the hBM-MPC micromass cultures during chondrogenesis. Representative SEM micrographs of the micromasses at 7, 10, and 14 days of culture and at different magnifications, showing the ultrastructure of the cartilaginous matrix, lacunae-like structures, and progressive collagen fibril aggregation with increasing culture time

### Molecular analyses {#Sec21}

The chondrogenic activity of the modified hBM-MPC micromass system was further characterized based on gene expression and immunohistochemical analyses of cartilage-specific markers. qRT-PCR analysis shows a time-dependent increase in *COL2A1* and *ACAN* gene expression over the 14 days of culture, with the greatest rate increase detected between culture days 10 and 14 (Fig. [5](#Fig5){ref-type="fig"}a, b). The increased *COL2A1* and *ACAN* transcript levels in cartilage gene expression correlated with the increased immunostaining of matrix deposition of collagen type II and aggrecan proteins in the cultures over time, and morphological maturation of the developing cartilage with collagen type II-rich matrix and lacunae-like structures (Fig. [5](#Fig5){ref-type="fig"}c). Fig. 5Gene expression and immunohistochemical analyses of hBM-MPC micromass cultures. **a**, **b** qRT-PCR analysis showing time-dependent increase in the expression levels of chondrogenesis-associated genes: **a** collagen type II (*COL2A1*) and **b** aggrecan (*ACAN*), expressed as fold-changes compared to level on day 0 (\**p* \< 0.05; \*\**p* \< 0.005; \*\*\*\**p* \< 0.0001). **c** Immunostaining of collagen type II and aggrecan in similar cultures on days 7, 10, and 14 of culture. Scale bar = 50 μm. Inset images depict a low magnification (× 10) image of each culture for reference. Scale bar = 200 μm

Taken together, these findings indicated that the gel overlay hBM-MPC micromass cultures underwent robust chondrogenesis over a 14-day period. The advantages of the modified micromass system were (1) requirement of only a relatively small number of cells and (2) maintenance of a uniform morphology during differentiation using the photocrosslinked gelMA overlay, both of which representing critical features in adapting the cultures to high throughput culture and analysis.

Non-invasive analysis of chondrogenic differentiation in gelMA overlay hBM-MPC micromass cultures {#Sec22}
-------------------------------------------------------------------------------------------------

We next investigated the applicability of the modified hBM-MPC micromass system for direct, non-invasive assessment of chondrogenesis, as methods such as RT-PCR and immunohistochemistry were inherently destructive and incompetent with continuous, real-time, and high content/throughput monitoring of differentiation. For this purpose, we adopted the uniform, planar nature of the gelMA hBM-MPC micromass for use with non-invasive imaging techniques, which could be performed in a quantitative manner. As proof-of-concept, we chose to assess the efficacy of a *COL2A1* promoter-GFP lentiviral reporter construct in reporting hBM-MPC chondrogenic differentiation. The optimal conditions for maximum lentiviral transduction with minimal cell death (Additional file [1](#MOESM1){ref-type="media"}: Figure S6A,B) was first established using a CMV-GFP lentiviral construct, showing no influence on the ability of hBM-MPCs to produce a GAG-rich matrix, as highlighted by Alcian blue staining (Fig. [6](#Fig6){ref-type="fig"}a). Expression of chondrogenic marker genes in the lentiviral transduced micromasses, as quantified by qRT-PCR, was also not affected (Additional file [1](#MOESM1){ref-type="media"}: Figure S4). Fig. 6Characterization of chondrogenesis in hBM-MPC cultures containing *COL2A1*-GFP transduced cells as sentinel cells (prepared as described in Fig. [1](#Fig1){ref-type="fig"}a and in the text). **a** Alcian blue staining of whole-mount and transverse sectioned samples revealed abundant moderate increases in deposition of cartilage-specific GAG deposition between 7 and 14 days of culture. Scale bar for transverse sections = 50 μm. Inset images depict a low magnification (× 10) image of each culture for reference. Scale bar = 200 μm. **b** Epifluorescence microscopy shows increasing expression of GFP by the transduced sentinel cells, indicating enhanced *COL2A1* promoter activation during chondrogenesis. The white dashed lines indicate the location of the cultures based on the bright-field images of the same cultures. **c** Quantitative analysis of fluorescence (CTCF) in *COL2A1*-GFP transduced cells in the chondrogenic micromass cultures, showing increased fluorescence taking place between 7 and 14 days of culture, in agreement with changes in *COL2A1* gene expression (fold-change) as determined by qRT-PCR in the same cultures. **d** Correspondence between non-invasive, fluorescence-based assay and gene expression analysis. The number of fluorescent cells per micromass did not change while CTCF/gene expression also remained constant throughout the culture period, confirming the correlation between the two outputs

Next, hBM-MPCs were transduced with the lentiviral *COL2A1*-GFP reporter construct, placed into gelMA overlay micromass cultures, and induced to undergo chondrogenesis over a 14-day period with CM supplemented with TGFβ3. Transduced cells were mixed with un-transduced at a ratio of 1:100, with the transduced cells, thus serving as sentinel cells for the behavior of the micromass culture. The activation of the *COL2A1* promoter in the micromass culture as a function of chondrogenic differentiation was monitored as expression of the GFP reporter documented by epifluorescence microscopy (Fig. [6](#Fig6){ref-type="fig"}b). The planar morphology of the cultures under the gelMA overlay permitted the counting of individual fluorescent cells and quantitation of the fluorescence intensity of the cells in a non-invasive manner throughout the entire culture period. In contrast, in non-gelMA-covered micromass cultures, it was impossible to identify individual, fluorescent sentinel cells (Additional file [1](#MOESM1){ref-type="media"}: Figure S6C). For validation of this non-invasive assay, we also collected the cultures after fluorescence examination on days 7, 10, and 14 for qRT-PCR analysis of expression of chondrogenesis-associated genes. Comparison of the corrected total cell fluorescence (CTCF) \[[@CR47], [@CR48]\] generated by the *COL2A1*-GFP reporter construct and the fold changes in *COL2A1* gene expression as detected by qRT-PCR revealed an excellent correlation between the two means of detection, maintaining the same ratio at the different time points (Fig. [6](#Fig6){ref-type="fig"}c). While the number of fluorescent cells remained constant during culture period, confirming the results of the MTS assay, the fluorescence intensity of the cells increased from day 7 to day 14, indicating enhanced chondrogenic activity of the cells, consistent with the increase in glucose consumption (Fig. [2](#Fig2){ref-type="fig"}c).

Discussion {#Sec23}
==========

High-density micromass cultures of embryonic limb bud mesenchymal cells have been extensively exploited to study the early events of skeletal development and are one of several in vitro systems validated for some aspects of toxicity testing. However, the high cell number requirement of the culture system and the multiple end-point analyses render the application of these cultures in high throughput experiments complicated and impractical. Culture models that are appropriate for high-throughput analysis of chondrogenesis need to be uniform, reproducible, high-content, microscalar, and comprised of a biologically relevant cell type. hBM-MPCs are generally considered as one of the most suitable cell sources for musculoskeletal tissue engineering, capable of differentiation into a wide variety of mesenchymal lineages including bone, cartilage, fat, muscle, and tendon, among others. Most importantly, hBM-MPCs have been shown to exhibit normal developmental characteristics during tissue repair and regeneration, in an autonomous, self-organized fashion. Thus, they have been used as candidate cells for functional tissue engineering, for example, in the development of functional bone and osteochondral tissues. These developmental engineering approaches usually exploit the use of an hBM-MPC-derived cartilage intermediate, reminiscent to that seen in embryonic skeletogenesis. In this study, we have generated this cartilage intermediate through a modified micromass culture of hBM-MPCs using 40,000 cells, a substantial reduction of the conventional 2 to 4 × 10^7^ cells per culture \[[@CR22], [@CR49], [@CR50]\]. Specifically, in an attempt to limit usage to only cells that have not shown any reduction in ability to undergo multi-lineage differentiation, cells were used after less than 3 passages or \~ 8--9 population doubling. However, in order to maintain high cell density, this also resulted in reduction of the volume of cell suspension seeded into each culture well, causing some unexpected challenges, including compromised cell-substrate adhesion and irregular culture morphology, which we were able to overcome through physical changes of the culture substrate surface and, importantly, the use of a gelMA overlay. The encapsulation of cells with gelMA hydrogels is known to deliver and/or retain cells in a construct and direct their differentiation towards a chondrogenic phenotype \[[@CR40], [@CR44]\]. The application of gelMA on top of the culture as a means to help the culture retains a uniform, planar morphology of the high-density micromass culture and results in upregulated expression of chondrogenic genes, possibly related to the supplementary ECM cues presented to the cells \[[@CR44]\].

To validate the modified gelMA overlay hBM-MPC micromass system, we characterized the cytoviability and chondrogenic differentiation profile of the system biochemically, histologically, and in terms of expression of chondrogenic genes. Cell viability and cytotoxicity tests revealed excellent viability of the hBM-MPCs under the gelMA overlay. Results from the MTS assay indicated maintenance of consistent cell number coupled with increasing glucose consumption as the culture differentiated. Glucose consumption based on changes in medium glucose concentration is a crucial piece of information both as a non-destructive measure of culture activity and differentiation, but also as a common metabolic parameter in functionally coupling the chondrogenic organotypic culture model developed here with other tissue models (see below).

Chondrogenic differentiation of micromass cultures of embryonic limb bud mesenchymal cells, isolated from chick, mice, and rats, generally shows a peculiar self-organizing pattern of evenly spaced cartilage nodules \[[@CR22], [@CR24], [@CR51]\]. The morphology of such cultures is highly informative (i.e., high-content), since the degree of chondrogenesis can be easily determined by counting the number and measuring the size of the nodules, assessing the different morphologies of cells comprising the nodules, and quantifying the staining intensity of nodules, e.g., using Alcian blue. On the other hand, hBM-MPC micromass cultures induced with TGFβ3 to undergo chondrogenesis reveal uniform and simultaneous differentiation and do not yield the information that can be gathered morphometrically from embryonic mesenchymal cells. In our hBM-MPC micromass system, histology, SEM, IHC, and gene expression analyses showed time-dependent increase of chondrogenic differentiation, in terms of GAG and matrix production, collagen deposition, and fibrils assembling, as well as collagen type II and aggrecan expression at the mRNA and protein levels. Although end-point analyses such as real-time PCR, histology, and IHC are universally accepted as tools to assess the level of chondrogenesis in micromass cultures, they are not compatible with high throughput studies. In this study, we have generated hBM-MPCs transduced with a lentiviral *COL2A1* promoter-GFP reporter construct and applied them as sentinel cells in hBM-MPC micromass cultures for real-time monitoring of chondrogenesis in the system. The use of plasmid and lentiviral reporters has been used to study hBM-MPC differentiation into osteogenic, chondrogenic, and adipogenic lineages \[[@CR39], [@CR52]\], as well as myogenic differentiation \[[@CR53]\]. However, these studies have been conducted on standard 2-dimensional cell culture settings, which are known to lack some of the fundamental interactions occurring during condensation of the mesenchymal cells and subsequent chondrogenesis. Tri-dimensionality and cell-cell interactions are present in a micromass setting, as shown by the increased production of tight junctions and focal adhesions \[[@CR53]\]. Moreover, the quantitative values obtained by fluorescence analysis were not directly correlated to the traditional and established methods mentioned above. In this study, we directly correlated the value of fluorescence intensity to the gene expression fold change obtained by qRT-PCR analysis, showing parallel, time-dependent trends of the two different outputs. Although the use of a higher number of time points would certainly increase the resolution of the measurements and the correlation, our findings represent an important first step in the transition from destructive end-point analyses to non-invasive assays for faster, time-resolved readouts of the studied phenomena.

A major application of the in vitro organotypic culture model developed here is embryotoxicity testing, specifically directed to skeletogenesis. In current practice, the testing of a high number of chemicals will require a large number of laboratory animals, so using in vitro systems as pre-screens or as validated alternatives is certainly beneficial to reduce the number of whole animals used. This would decrease the costs associated with drug-development and toxicity testing. The number of analyzed genes should be certainly increased for a more robust dataset. In a developmental context, it is also important to consider that virtually all metabolites received by the fetus are produced by maternal organs \[[@CR54]\]. Thus, to evaluate the influence of these metabolites on an in vitro embryonic tissue model, it would be ideal to enable functional connection of different human tissues in a microfluidic chip setting and to demonstrate organ-specific processing of selected compounds consistent with clinical data \[[@CR53]\]. To this end, we are currently designing a microfluidics chip to harbor the chondrogenic hBM-MPC micromass model and functionally connect it with other tissues, e.g., liver. Such a microfluidic platform will require continuous medium flow, optical access for real-time monitoring, and multi-chamber design to allocate different cell types.

The effectiveness of this method as a tool in predicting environmental chemical toxicity is highly dependent on the MPC population employed. The MPCs used in this study are derived from patients undergoing total hip arthroplasty as a result of osteoarthritis degeneration. It has been demonstrated that the epigenetic code of MPCs differs widely based on the donor health as well as isolation, storage, expansion, and differentiation protocols employed \[[@CR55], [@CR56]\]. The epigenetic code and physiological state (with respect to proliferation, differentiation, and senescence) of the MPCs will have a great impact on the chondrogenic differentiation of the cultures \[[@CR42], [@CR56]\]. Strict adherence to a standard of operating procedures will have to be followed with respect to harvest, storage, expansion, and differentiation to maximize the predictive value of these cultures. Importantly, this study investigated the use of a non-invasive COL2 promoter-reporter construct to assess MPC chondrogenesis. This tool combined with the small size of this culture make the system presented an ideal starting point for the assessment of MPC biology and utility in cell-based regenerative techniques for cartilage and bone engineering. While we used a pooled population of cells in this study to validate the system, we envision employing this culture and method on cells derived from individual donors reflecting patient diversity and potentially replicating a population study, ultimately a strength of the system. It remains to be seen whether adult human MPCs retain real or surrogate activities that reflect embryonic and fetal skeletogenesis may be used in reproductive toxicological studies.

Conclusion {#Sec24}
==========

Using in vitro models of chondrogenesis to predict human toxicity using animal cells has always been difficult due to the physiological differences between animals, such as rats, and humans. These differences are born out in the poor congruence in outcomes between controlled laboratory experiments using in vitro animal models and human clinical trials. The embryonic rat limb bud mesenchyme assay for chondrogenesis represents a relatively successful predictor of human outcomes, with a reported 86% success rate in the prediction of human toxicity; however, due to important failures, this system is not an accepted method for toxicity testing. The failure of this and other animal-based in vitro models and human-based monocultures has prompted us to develop a human cell-based micromass system. In this report, we have successfully adapted the high-density chondrogenic micromass culture system for use with adult hBM-MPCs that is amenable to high throughput culture and analysis, by providing chondrogenic signals and reducing the required cell number while retaining a reproducible planar morphology using a photocrosslinked hydrogel overlay. These miniaturized micromass cultures, when enhanced with the incorporation of lentivirally transduced fluorescent/chemiluminescent promoter-reporters for cell viability, signaling pathways and tissue-specific products will generate high throughput, high content cultures capable of studying mechanisms of human chondrogenesis and detecting pharmacologic and environmental toxicity in a rapid and cost-effective manner. We conclude that the novel hBM-MPC micromass culture described here is a reproducible and controlled organotypic culture model for the study of the chondrogenic phase of human skeletal development.
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**Additional file 1:** **Figure S1.** 7 day CFU at p2 for patient 39M022515. Colonies are stained with Crystal Violet. **Figure S2.** 21-day, tri-lineage differentiation at p2 for patient 39M022515 performed in duplicate. Chondrogenesis (Alcian Blue); Osteogenesis (Alizarin Red) and Adipogenesis (Oil Red O). **Figure S3.** Surface marker profile of pooled hBM-MPC populations (8 patients) by flow cytometry for positive (CD73, CD90, CD105) and negative (CD31, CD34, CD45) markers of hBM-MPC s. **Figure S4.** Alcian blue staining of day 14 micromass cultures using different plate treatments. **Figure S5.** Molecular characterization of the micromass culture to assess the effect of gelMA overlay and lenti-viral transduction on chondrogenesis. **Figure S6.** Characterization of the micromass culture for lenti-viral transduction optimization and effect on non-invasive monitoring. **Table S1.** CFU and Differentiation Score for hBM-MPCs derived from 8 patients. **Supplementary Methods**. hMB-MPC isolation, culture and characterization.

CM

:   Chondrogenic medium

CTCF

:   Corrected total cell fluorescence

ECM

:   Extracellular matrix

hBM-MPC

:   Human bone marrow-derived mesenchymal progenitor cell

gelMA

:   Methacrylated gelatin

GAG

:   Glycosaminoglycan

GM

:   Growth medium

*COL2A1*

:   Collagen type II (gene)

*ACAN*

:   Aggrecan (gene)

**Publisher's Note**

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Supplementary information
=========================

**Supplementary information** accompanies this paper at 10.1186/s13287-019-1505-5.

The authors gratefully acknowledge Hang Lin, Ph.D., for providing the gelMA and Jonathan Franks, M.S., for recording the SEM images.

AP performed the experiments, analyzed the data, and wrote the manuscript. KLC, JT, SY, and YY performed the experiments and analyzed the data. RST and PGA designed and supervised the experimental activity, data analysis, and manuscript preparation. All authors read and approved the final manuscript.

This work was supported by the US EPA (STAR Program: 835-7360).

All data generated or analyzed during this study are included in this published article and its supplementary information files.

Not applicable.

Not applicable.

The authors declare that they have no competing interests.
